Biofilm formation results in medical threats or economic losses and is therefore a major concern in a variety of domains. In two-species biofilms of marine bacteria grown under dynamic conditions, Pseudoalteromonas sp. strain 3J6 formed mixed biofilms with Bacillus sp. strain 4J6 but was largely predominant over Paracoccus sp. strain 4M6 and Vibrio sp. strain D01. The supernatant of Pseudoalteromonas sp. 3J6 liquid culture (SN 3J6 ) was devoid of antibacterial activity against free-living Paracoccus sp. 4M6 and Vibrio sp. D01 cells, but it impaired their ability to grow as single-species biofilms and led to higher percentages of nonviable cells in 48-h biofilms. Antibiofilm molecules of SN 3J6 were able to coat the glass surfaces used to grow biofilms and reduced bacterial attachment about 2-fold, which might partly explain the biofilm formation defect but not the loss of cell viability. SN 3J6 had a wide spectrum of activity since it affected all Gram-negative marine strains tested except other Pseudoalteromonas strains. Biofilm biovolumes of the sensitive strains were reduced 3-to 530-fold, and the percentages of nonviable cells were increased 3-to 225-fold. Interestingly, SN 3J6 also impaired biofilm formation by three strains belonging to the human-pathogenic species Pseudomonas aeruginosa, Salmonella enterica, and Escherichia coli. Such an antibiofilm activity is original and opens up a variety of applications for Pseudoalteromonas sp. 3J6 and/or its active exoproducts in biofilm prevention strategies.
INTRODUCTION 44
was selected when required with 200 µg ml -1 streptomycin, and Pseudoalteromonas sp. 94 3J6(pCJS10) was grown with 125 µg ml -1 chloramphenicol. Escherichia coli DH5α cells 95 containing pCJS10 or pRK2013 were grown at 37°C with shaking (180 rpm) in LB broth 96 containing 50 µg ml -1 chloramphenicol or kanamycin, respectively. Pseudomonas aeruginosa 97 PAO1 YFP , E. coli CC118 DsRed , and Salmonella enterica MB1409 HcRed were grown with 98 shaking (180 rpm) at 37°C in Luria-Bertani (LB) medium (34) supplemented with 50 µg ml -1 99 gentamycin, 15 µg ml -1 gentamycin, and a mix of 50 µg ml -1 kanamycin and 10 µg ml -1 100 chloramphenicol, respectively. 101
Bacteria were allowed to attach to the glass surface during 2 h at 20°C under static condition. 119
Biofilm growth was then performed under a constant flow of VNSS or LB medium (0.2 mm 120 s -1 ) for 48 h at 20°C. 121
In the case of two-species biofilms, channels were inoculated with a mixture of 122
Pseudoalteromonas sp. 3J6(pCJS10) and one of the other strains in a ratio leading to similar 123 attachment of each strain to the glass surface (ie similar percentages of glass surface covered 124 by each strain) after the 2 h adhesion step. This ratio was 1:1 for all strain couples except for 125
Pseudoalteromonas sp. 3J6(pCJS10) -Bacillus sp. 4J6, which needed a 1:4 ratio. 126
To investigate the effects of Pseudoalteromonas sp. 3J6 exoproducts on adhesion and 127 biofilm formation by other bacteria, these bacteria were diluted to an OD 600 of 0.25 in SN 3J6 . 128
The latter is a supernatant of a liquid overnight culture of Pseudoalteromonas sp. 3J6 129 sterilized by filtration through a membrane with pores of 0.22 µm diameter. Bacteria diluted 130 in SN 3J6 were then inoculated in flow cell channels, and the 2 h adhesion step under static 131 condition followed by the biofilm growth under a flow of fresh VNSS medium were 132 performed as described above. For a better understanding of the SN 3J6 action, we modified 133 our procedure as follows: i) bacteria at an OD 600 of 0.25 were incubated with SN 3J6 outside of 134 flow cell channels for 2 h at 20°C with shaking at 120 rpm, were washed twice in FMW and 135 were then inoculated into channels; or ii) SN 3J6 was injected without any bacterium into flow 136 cell channels, was left for 2 hours at 20°C to coat the glass surface, and the channels were 137 then rinsed with FMW before inoculating bacteria. Two-species biofilms were grown as described above, except that we used BST FC 81 Flow-160 cells (BioSurface Technologies, Montana, USA) with channel dimensions of 50.8 x 12.7 x 161 2.54 mm. These flow-cells were chosen because they were easily disassembled, allowing total 162 bacterial DNA extraction from biofilms using the DNeasy tissue kit (Qiagen, Germany). The 163 same kit was used to extract bacterial DNA from planktonic cells for control experiments. 164
Quantitative PCR (qPCR) was performed using primers targeting the 16S rDNA sequences 165 (Table 2 ). The PCR products were detected with the SYBR Green stain or with TaqMan 166 probes ( were placed onto the seeded agar medium, instead of using wells. This disk assay was also 212 used to test the antimicrobial activity of anti-biofilm molecules which had been concentrated 213 as described in the above paragraph. 214
Single-species biofilms of Pseudoalteromonas sp. 3J6 and three other marine 218 bacteria. We first introduced the GFP-encoding plasmid pCJS10 (Table 1) indicating that the vast majority of bacteria were GFP producers and had thus retained 231 pCJS10. This plasmid is therefore suitable for our study. Pseudoalteromonas sp. 3J6(pCJS10) 232 biofilms were heterogeneous with the presence of protruding mushroom-like microcolonies 233 which were up to 21 µm high, whereas the average thickness of the biofilms was 4.8 µm (Fig.  234 1A and B; Table 3 ). 235
We failed to introduce pCJS10 and other plasmids encoding fluorescent proteins in our 236 model strains Paracoccus sp. 4M6, Vibrio sp. D01, and Bacillus sp. 4J6. We nevertheless 237 grew single-species biofilms of these strains in the same conditions as above, and stained 238 them with Syto 61 Red prior to CLSM observation (Fig. 1C , E, and G). Each of these three 239 strains led to thicker biofilms than Pseudoalteromonas sp. 3J6(pCJS10) ( Table 3) .
Pseudoalteromonas sp. 3J6(pCJS10) biofilms, while their biovolumes were identical (Table  243 3), indicating that cell density is lower in Paracoccus sp. 4M6 biofilms. Although not flat, 244
Vibrio sp. D01 biofilms were less heterogeneous: they were devoid of mushroom-like 245 structure and cell aggregates were less obvious (Fig. 1E) . Their average thickness and 246 biovolume were 1.8 and 2 fold higher, respectively, than those of Pseudoalteromonas sp. 247 3J6(pCJS10) biofilms (Table 3 ). The Bacillus sp. 4J6 biofilms were the thickest, which led to 248 the highest biovolume, and they displayed a hairy surface although they contained 249 homogeneously distributed cells (Fig. 1G , Table 3 ). In our conditions, each of the four strains 250 was therefore able to develop a single-species biofilm with a specific structure. (Fig. 1H) . 259
Furthermore, the biofilm thickness and biovolume were closer to Bacillus sp. 4J6 single-260 species biofilms than to Pseudoalteromonas sp. 3J6(pCJS10) biofilms (Table 3) (Table 4) . 272
To ascertain the proportion of each strain in two-species biofilms, we set up qPCR 273 assays using primers targeting the 16S rDNA sequences of the four strains (Table 2 ). To 274 validate the assays, total DNAs independently extracted from pure liquid cultures of the four 275 strains were mixed in known ratios (1:1 and 9:1) and values closed to these ratios had to be 276 obtained by qPCR analyses. When studying a mix of Pseudoalteromonas sp. 3J6 (pCJS10) 277 and Paracoccus sp. 4M6 DNAs, the corresponding primers were specific enough of each 278 strain to be detected using the SYBR green dye. Analyses of mixes including 279
Pseudoalteromonas sp. 3J6(pCJS10) DNA and either Vibrio sp. D01 or Bacillus sp. 4J6 280
DNAs required the use of TaqMan probes (Table 2) to detect more specifically the amplicons 281 resulting from each strain. Two-species biofilms were then grown, total DNAs were extracted 282 from each biofilm, and the proportion of each DNA was determined by qPCR. These assays 283 strengthened the above conclusions, confirming i) the co-development of Pseudoalteromonas 284 sp. 3J6(pCJS10) and Bacillus sp. 4J6 in mixed biofilms, since Bacillus DNA represented 285 almost 40 % of total DNA; and ii) that Pseudoalteromonas sp. 3J6(pCJS10) cells were largely 286 prevailing (89 and 95 % of total DNA) over Paracoccus sp. 4M6 and Vibrio sp. D01 in two-287 species biofilms (Table 4) . 288 (Table 5 ). In the 313 subsequent experiments, we attempted to identify at which level(s) is acting SN 3J6 . 314 315 SN 3J6 moderately affects bacterial attachment. The glass surfaces covered by bacteria 316 were determined after a 2 h step of adhesion in the presence or not of SN 3J6 . These surfaceswere about 2 fold lower in the presence of SN 3J6 (Fig. 3) . This effect seems however too mild 318 to fully explain the subsequent inability of the attached bacteria to develop biofilms. We 319 furthermore observed that the presence of SN 3J6 during the attachment step did not favor the 320 detachment of bacteria after applying the medium flow (data not shown). 321 322 SN 3J6 is devoid of bactericidal activity against free-living cells. We examined if 323 SN 3J6 contained a bacteriocin-like inhibitory substance, using two classical methods (diffusion 324 into agar medium from wells or disks) as described in Materials and Methods. We failed to 325 observe any clear halo of inhibition around the wells or the disks, indicating that SN 3J6 was 326 neither bactericidal nor bacteriostatic towards Vibrio sp. D01 and Paracoccus sp. 4M6. 327
Consistently, adding 4.5 ml of SN 3J6 to 0.5 ml of fresh liquid 10x VNSS medium before 328
inoculating Vibrio sp. D01 or Paracoccus sp. 4M6 did not prevent growth of these two 329 strains. After 24 h of growth, the numbers of Vibrio sp. D01 and Paracoccus sp. 4M6 cfu 330 were 88 and 94%, respectively, compared to control cultures in SN 3J6 -free VNSS. 331
Furthermore, we used a double staining with Syto 61 Red (staining all bacteria) and Sytox 332
Green (staining in green only bacteria with damaged membranes, which are therefore 333 considered as non viable bacteria) on bacteria attached to the glass surface after a 2 h 334 adhesion step. This showed that the presence of SN 3J6 during this step did not decrease the 335 percentage of viable bacteria (about 90% and 100% of viable Vibrio sp. D01 and Paracoccus 336 sp. 4M6, respectively, with or without SN 3J6 ). This set of experiments indicated that the anti-337 biofilm action of SN 3J6 did not result from a bactericidal activity exerted during the 2 h 338 contact between SN 3J6 and the bacteria (adhesion step). To ascertain this conclusion, Vibriogrow under a VNSS flow for 48 h. This led to full biofilm formation ( Fig. 2E and F) , showing 343 that the incubation of bacteria with SN 3J6 outside of the flow-cell chamber had no effect on 344 the ability of the bacteria to subsequently form a biofilm. Finally, we used a C18 cartridge to 345 concentrate at least 100 fold the anti-biofilm activity from SN 3J6 . This preparation also failed 346 to display a bactericidal activity using the disk assay, invalidating the possibility that SN 3J6 347 would contain a sub-inhibitory concentration of a bacteriocin-like molecule which would 348 nevertheless be responsible for the anti-biofilm activity. approaches led to the conclusion that SN 3J6 was not bactericidal toward Vibrio sp. D01 andactivity exerted during the adhesion step. We therefore expected that SN 3J6 Altogether, most of the tested isolates were affected: SN 3J6 with its wide spectrum of action observed above, SN 3J6 impaired the biofilm formation of all 424 three strains: the biovolumes of P. aeruginosa PAO1 YFP , S. enterica MB1409 HcRed , and E. coli 425 CC118 DsRed biofilms were 3, 5.3, and 2.7 fold lower, respectively, when the adhesion step was 426 performed in the presence of SN 3J6 (Fig. 4) . CLSM images showed that these biovolume 427 reductions resulted from peculiar effects on P. aeruginosa and E. coli. P. aeruginosa 428 PAO1 YFP control biofilms (about 50 µm thick) were not homogeneous with respect to the cell 429 density: it was high in the base of the biofilms, from which it decreased progressively in the 430 upper part (Fig. 4A) . This suggested that cells were embedded into increasing amounts of 431 extracellular matrix from the base to the top of the biofilms. By contrast, the biofilm resulting 432 from incubation with SN 3J6 was thinner (about 5 fold) but homogeneous with a high cell 433 density, which led to a relatively high biovolume (Fig. 4D) . The P. aeruginosa PAO1 YFP 434 biofilm formation was therefore more impaired by SN 3J6 than indicated by the sole biovolume 435 comparison. On the opposite, SN 3J6 -resulting biofilms of E. coli CC118 DsRed differed from 436 control biofilms by their biovolumes, whereas the biofilm structures and maximal thicknesses 437 were similar (Fig. 4C and F) . The biovolume reduction in E. coli biofilms obtained after SN 3J6 438 incubation therefore resulted from a lower cell density. In this study, this is the only example 439 of a biovolume reduction which occurred without a lowering of biofilm maximal thickness. 440 considered as anti-pathogenic drugs, which can be used to reduce virulence and to increase 497 biofilm susceptibility to anti-microbial compounds and human immunity cells (32) , and as 498 species-specific anti-biofilm molecules (9). QS signal molecules of the homoserine lactone 499 type were shown to accumulate in some marine biofilms (6) and the production of QS 500 inhibitor(s) by Pseudoalteromonas sp. 3J6 is a possibility. It would not however fully explain 501 the anti-biofilm activity of SN 3J6 , since all SN 3J6 -sensitive strains do not share similar QS 502 systems: P. aeruginosa produces several homoserine lactones whereas E. coli does not use 503 such signaling molecules. Alternatively, the anti-biofilm effects of Pseudoalteromonas sp. 504 3J6 exoproducts could be due to a novel molecule or on the complementary actions of several 505 molecules. We are currently undertaking the purification and identification of the active 506 molecule(s), which is required to understand its (their) mode(s) of action and to more 507 precisely define which of the potential applications can be drawn. The latter could extend 508 from the use of Pseudoalteromonas sp. 3J6 to prevent biofilm formation of undesirable 509 bacteria in aquaculture or fish farming to the use of its exoproducts in anti-biofilm strategies. 510
From this point of view, several features of Pseudoalteromonas sp. 3J6 exoproducts are 511 particularly attractive: i) the fact that, in addition to impair biofilm growth, they lead to 512 biofilms containing a majority of non viable cells; and ii) their wide spectrum of action, which 513 does not limit their use to the marine environment. Medical applications could be imaginedare particularly difficult to reduce during chronic infection of the lung of cystic fibrosis 516 patients (29) . 517 518 ACKNOWLEDGMENTS 519
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